To understand the origins of the fragile X syndrome and factors predisposing alleles to instability and hyperexpansion, we have compared the haplotype (using markers FRAXAC1, FRAXAC2, and DXS548) and AGG interspersion patterns of the FMR1 CGG repeat for 214 normal and 16 premutation chromosomes. Association testing between interspersion pattern and haplotype reveals a highly significant (P <0.002) non-random distribution, indicating that all three markers are useful in phylogenetic reconstruction of mutational change. Parsimony analysis of the FMR1 CGG repeat substructure predicts that loss of AGG interruptions has occurred independently on many haplotypes associated with the fragile X syndrome, partially explaining the haplotype diversity of this disease. Among haplotypes found in linkage disequilibrium with the fragile X mutation, two different modes of mutation and predisposition to instability have been identified. One pathway has involved the frequent and recurrent loss of AGG interruptions from rare asymmetrical ancestral array structures. Intergenerational transmission studies suggest that these predisposed chromosomes progress relatively rapidly to the disease state. In contrast, the second mutational pathway involves a single haplotype which has maintained two AGG interruptions. Parsimony analysis of CGG repeat substructure within this haplotype suggests that larger alleles have been generated by gradual increments of CGG repeats distal to the most 3′ interruption. Pedigree analysis of the intergenerational stability of alleles of this haplotype confirms a gradual progression toward instability thresholds. As a result, a large reservoir of chromosomes carrying large repeats on this haplotype exists. These chromosomes are predisposed to disease. The present data support a model in which there are at least two different mutational pathways predisposing alleles to instability and hyperexpansion associated with the fragile X syndrome.
INTRODUCTION
Investigations into the origin of the fragile X syndrome have traditionally involved the use of three polymorphic loci (DXS548, FRAXAC1, FRAXAC2) found within 150 kb of the FMR1 CGG repeat (1, 2) (Fig. 1 ). Haplotype analysis of normal and mutant chromosomes among diverse population groups has indicated that a substantial proportion of all fragile X chromosomes shows linkage disequilibrium with a small subset of DXS548-FRAXAC2-FRAXAC1 haplotypes (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In more genetically isolated populations (such as Finland), linkage disequilibrium has been shown to be even more pronounced with 75% of all fragile X chromosomes occurring on single rare DXS548-FRAXAC2 haplotype (9, 12) . Genealogical studies of fragile X kindreds previously considered to be unrelated further confirmed the existence of founder effects for the fragile X syndrome, by demonstrating common descent for the fragile X chromosome from shared ancestors in the 17th and 18th centuries (11, 16, 17) . These findings suggested that FMR1 CGG repeat alleles predisposed to the development of the fragile X syndrome could be carried silently through human pedigrees from five to 100 generations (4, 12, 15) prior to hyperexpansion and *To whom correspondence should be addressed Interspersion and haplotype nomenclature. Summarized are the nomenclature and position of the haplotype markers used in this study, relative to the AGG-interspersed FMR1 CGG repeat. A previously described convention is employed to designate the genotypes of the various haplotype markers (see Materials and Methods) (10) . Haplotype alleles are designated using a number in descending order of the length of the PCR product. Composite haplotypes are used in this study and are always indicated in the order, DXS548-FRAXAC1-FRAXAC2 (i.e. 7-3-4+ represents a haplotype which consists of DXS548 allele 7, FRAXAC1 allele 3, and FRAXAC2 allele 4+). A canonical FMR1 CGG repeat sequence (29 repeats) is shown with an AGG interruption once every nine CGG repeats. Such an allele is symbolized as 9+9+9.
hypermethylation associated with disease (18) (19) (20) (21) (22) . The conclusion that new mutations are rare was difficult to reconcile with an X-linked dominant disorder in which the affected males rarely reproduce (3, 15, 23) .
Based on initial linkage disequilibrium data coupled with the observation that no transition from a normal FMR1 CGG repeat allele (5-50 repeats) (18, 24) to an unstable premutation allele (59-200 repeats) had ever been observed in fragile X pedigrees, Morton and Macpherson proposed a multi-allelic model to account for the latency of the mutation and the origin of the disease (25) . The transition from a normal stable allele to a fully expanded FMR1 CGG repeat allele (>200 repeats) was initially postulated to occur through progression between four defined allelic states. A normal stable FMR1 CGG repeat allele (N) would infrequently become predisposed to modest instability as a small, yet relatively stable, insert (S) beyond 40 repeats in length. Such predisposed alleles could be maintained in the population for as many as 90 generations (15) before progressing to a larger unstable (Z) or premutation allele. The conversion of an unstable (Z) allele to a full mutation (L) occurs very rapidly requiring a female germline transmission. Implicit in this and other multistep progression models (25) (26) (27) was a gradual increase in the size of the FMR1 CGG repeat as it progressed from N to S to Z.
Due to the longevity of predisposed (S) alleles in the human population, one prediction of the multi-step progression models is that haplotypes in linkage disequilibrium with the fragile X mutation should show an enrichment for alleles with longer lengths of repeat. Although one specific set of haplotypes appears to be enriched for high-end normal alleles (3, 5, 6) , the majority of fragile X associated haplotypes do not demonstrate significant increases in total repeat length among pools of normal alleles (3, 4, 8, 10, 13) . These results suggested that other haplotype-specific influences, either flanking the repeat or intrinsic to the repeat itself, were important in determining an allele's predisposition to instability and disease (3, 10, 14, 28) .
Several groups have investigated the possibility that the AGG substructure of the FMR1 CGG repeat may play a critical role in determining stability and susceptibility to disease (29) (30) (31) (32) . The results of these analyses revealed that the longest tract of pure (uninterrupted) CGG repeats determines instability at the FRAXA locus, with unstable intergenerational transmissions being observed at a threshold length of 34-37 pure repeats (30) . Comparisons of interspersion pattern and chromosomal haplotypes indicated that disease haplotypes may be enriched for longer tracts of pure repeats (29) . Other groups, however, have failed to find a significant correlation between the length of the longest tract of pure repeat lengths and haplotypes at-risk for the fragile X syndrome (31, 32) . From previous studies comparing haplotype and AGG interspersion patterns it has been difficult to reconstruct the phylogeny of fragile X lineages due to the limited number of premutation alleles studied (29, 32) . In addition, cross-study comparisons with other linkage disequilibrium data have been hampered by the consideration of only one or two of the microsatellite markers in the region (31, 32) .
In a comprehensive study considering all three haplotype markers (DSX548, FRAXAC1 and FRAXAC2), two groups of haplotypes which showed linkage disequilibrium with the fragile X mutation were distinguished among Caucasians (10) . One group represented solely by DSX548-FRAXAC1-FRAXAC2 haplotype (2-1-3) accounted for 14% of all fragile X chromosomes (Table 1) and was found to be significantly enriched for high-end normal alleles (10) . The second group, which accounted for approximately 30% of all fragile X cases (haplotypes 6-4-4 and 6-4-5; Table 1 ), demonstrated no such enrichment for lengthy normal alleles. It was suggested that these different properties among at-risk haplotypes might indicate different mutational pathways for the origin of the disease. It was proposed that the 2-1-3 haplotype represented an 'ancient' fragile X lineage whose intermediate (S) alleles had reached appreciable frequencies in the population (10, 25) . In contrast, the 6-4-5 and 6-4-4 haplotypes, as well as many of the other haplotypes found in equilibrium in the general and fragile X populations (Table 1) , might be subject to a recurrent 'leap-frog' mutational event, which allowed these alleles to progress relatively rapidly toward instability and hyperexpansion thresholds associated with the disease. Although such mutational events would explain the disparity in distribution of high-end normal alleles among fragile X haplotypes as well as the considerable haplotype diversity associated with the disease, the molecular basis of these different mutational pathways was unknown.
Due to our observation that the longest tract of pure repeats was a more suitable indicator of FMR1 CGG repeat allelic stability, we speculated that the number of AGG interruptions contained within a repeat might determine the longevity of predisposed alleles within a population (30) . To test this model, we have compared the AGG interspersion pattern and DXS548-FRAXAC1-FRAXAC2 haplotype of 200 normal chromosomes (10) and 30 premutation and high-end normal chromosomes in which intergenerational stability or instability had been ascertained (30, 33) . Association testing between the haplotype markers and interspersion patterns revealed a significant non-random distribution, which could be The frequency of DXS548-FRAXAC1-FRAXAC2 haplotypes among normal (n = 200) and fragile X (n = 44) males of Wessex, England is compared. This table is derived almost exclusively from a previously reported study (10) with the exception that an additional 12 normal chromosomes are included. Associations between haplotype and the fragile X mutation were determined by χ 2 analysis of 2 × 2 contingency tables. Haplotypes found in linkage disequilibrium with the fragile X mutation are indciated by an asterisk. Significance of association is P <0.05 (*) or P <0.01 (**). Eighteen haplotypes representing 46 unaffected chromosomes were not observed among the fragile X population in this study.
used in the phylogenetic reconstruction of mutational events of FMR1 CGG repeat alleles. Parsimony analysis predicts that the loss of AGG interruptions has occurred independently and frequently among many of the haplotypes associated with the fragile X chromosome. In particular, two of the most prominent fragile X haplotypes (6-4-5 and 6-4-4; Table 1 ) show a correlation between the recurrent loss of AGG interruptions and asymmetrical array substructures. In contrast, one haplotype (2-1-3) is predicted to have been refractory to the loss of AGG interruptions. This haplotype's unique constraint to maintain two AGG interruptions has allowed FMR1 CGG repeat alleles to increase in length likely by replication slippage-like events distal to the last AGG interruption, resulting in the accumulation of high-end normal alleles in the population. Our data provide a molecular basis for the existence of two distinct mutational pathways for the origin of the fragile X mutation and suggest haplotype-specific influences in both the maintenance and loss of AGG interruptions. Table 2 summarizes the distribution of 52 FMR1 CGG repeat AGG interspersion patterns among 28 DXS548-FRAX-AC1-FRAXAC2 haplotypes for 200 unrelated male subjects from the Salisbury district of Wessex, England (Materials and Methods). The nomenclature and position of haplotype markers and the FMR1 CGG repeat interspersion patterns is described in Figure 1 . In order to assess the randomness of distribution (Table 2) , 5000 computer simulations were performed using the program ASSOC (15) . The χ 2 statistic was employed to determine the significance of association between rows (interspersion pattern) and columns (haplotype) in Table 2 . Association testing revealed a highly significant non-random distribution between haplotypes and interspersion patterns (χ 2 = 1381; P <0.002; n = 5000). In addition, each individual cell entry (association between row and column) was tested for significance. Significant associations (P <0.002) between interspersion pattern and haplotype are indicated in Table 2 by an asterisk (*). Due to the complex polymorphic nature of FRAXAC2 and its reported potential for microsatellite hypermutability (34) , various compressions of Table 2 were analysed to assess the utility of each marker independently against the interspersion configurations. All three markers demonstrated significant independent associations with FMR1 CGG repeat interspersion patterns: FRAXAC1, χ 2 = 102.5, P <0.0001; FRAXAC2, χ 2 = 409.7, P <0.006; DXS548, χ 2 = 256.3, P <0.004). In a similar fashion a highly significant (P <0.0001) non-random association was determined between FRAXAC1 and FRAXAC2.
RESULTS

Distribution of interspersion patterns among FRAXA haplotypes
The three most common interspersion patterns (10+9+9, 9+9+9 and 10+9) account for 51.5% (103/200) of all X chromosomes and are distributed non-randomly among the various haplotypes ( Table 2 ). The most abundant interspersion configuration (10+9+9) is concentrated primarily on FRAXAC1 haplotype 3 with the most significant associations (P <0.002) occurring on DXS548-FRAXAC1-FRAXAC2 haplotype, 7-3-4+ (40/55 or 72.7% of all 10+9+9 chromosomes). Similarly, the 10+9 interspersion pattern shows a similar restriction to FRAXAC1 haplotype 3 with the most significant associations occurring on haplotypes 7-3-4+ and 6-3-4+ ( Table 1 ). The 9+9+9 interspersion pattern demonstrates the greatest haplotype diversity being distributed among 9/28 (32.1%) of all observed haplotypes. Of these, the association of 9+9+9 with haplotypes 7-4-6+ and 1-1-3 are the most significant (P <0.002).
Based on association testing between interspersion patterns and haplotype as well as visual inspection of the data in Table 2 , it is apparent that haplotypes fall into one of two categories based on the position of the first AGG interruption. Both FRAXAC1 alleles 1 and 4 predominantly (51/53 or 96%) show interspersion patterns in which the first AGG interruption occurs at position 10 (9+n configurations). In contrast, haplotypes with FRAXAC1 marker 3 associate strongly with FMR1 CGG repeat interspersion patterns which possess the first AGG interruption at position 11 (10+n configurations) ( Table 2) . One notable exception is haplotype 7-3-4 which shows a substantial number of chromosomes with the 9+9+9 configuration and a significant association (P <0.002) with the 13+9 interspersion pattern.
Although the position of the first AGG interruption generally divides haplotypes into one of two groups (relative to haplotype FRAXAC1), other significant associations are observed when one considers the other microsatellite haplotype markers and the position of the second AGG interruption. A total of 14 significant associations were identified using the DXS548-FRAX-AC1-FRAXAC2 haplotype and the FMR1 CGG repeat interspersion pattern. (Only half as many significant associations were identified, using exclusively the FRAXAC1 marker). Using all three markers, 10 out of 14 of significant associations occur on FMR1 CGG repeat alleles with two AGG interruptions, and four out of 14 occur among alleles with a single interruption. For example, haplotypes 6-4-4 and 6-4-5 are virtually unique in possessing asymmetrical array patterns of the types, 9+10+9, Table 2 . FMR1 CGG repeat interspersion pattern distribution among DXS548-FRAXAC1-FRAXAC2 haplotypes Fifty-two AGG interspersion configurations for the FMR1 CGG repeat are compared against 28 chromosomal haplotypes. Haplotypes are organized in columns and are grouped using the FRAXAC1 marker (since it shows the strongest association with interspersion pattern, P <0.00001). Interspersion patterns are arranged in rows based on increasing length of the 5′ tract of CGG repeats proximal to the first interruption. Significant positive associations (P <0.02) between interspersion pattern and haplotype were determined from ASSOC computer simulations and are indicated by bold and asterisk in the table. A single significant deficiency was observed and is indicated by a minus sign (haplotype 7-3-4+; interspersion pattern 9+9+9).
9+11+9 and 9+12+9 (Table 2 ). Haplotype 7-4-5, a relatively rare haplotype in this population survey, demonstrates a significant (P <0.002) association with an interspersion pattern devoid of a second AGG interruption (9+21). Similarly, another rare haplotype, 2-4-6+, is associated with an equally rare interspersion pattern (9+15+9).
Due to the prevalence of 7-3-4+ haplotype in this survey (89/200 = 44.5% of all chromosomes), several significant interspersion configurations were identified, namely; 10+9, 10+9+9 and 10+9+10. In addition, a single significant deficiency was found with interspersion pattern 9+9+9, confirming once again a partition of haplotypes based on the position of the first AGG interruption. It is interesting that the majority of FMR1 CGG repeats completely devoid of interruptions occur also on haplotype 7-3-4+ and other closely allied haplotypes (7-3-4 and 6-3-4+).
It should be noted that many of the DXS548-FRAXAC1-FRAXAC2 haplotypes (17/28) do not demonstrate non-random associations with particular FMR1 CGG repeat interspersion patterns due to the under-representation of these haplotypes in this population survey. One haplotype, 2-1-3, is interesting in this regard. Although no significant association was found, five out of the six interspersion patterns occurring on this haplotype are unique, due to the presence of a long distal tract of CGG repeats (Table 2) . Furthermore, the position of the second AGG is remarkably conserved among all FMR1 CGG repeat alleles on this chromosomal background, generating the general configuration pattern 9+9+n.
Intra-haplotype comparisons of 1-AGG and 2/3-AGG interspersion configurations
FMR1 CGG repeat alleles may be categorized into different classes based on the total number of AGG interruptions which they possess (29) (30) (31) (32) . In this population survey of 200 random chromosomes, alleles were distributed as follows: nine (4.5%) Table 3 . Intra-haplotype comparisons between 2-AGG and 1-AGG allele configurations (>25 total repeat length) FMR1 CGG repeat interspersion configurations of alleles with a single AGG interruption (1-AGG class) and alleles with two or more interruptions are compared. Only alleles whose total repeat length was greater than 25 triplet repeat units are considered. Total repeat length is indicated in brackets. In most cases, only the most significant (indicated by an asterisk) and/or the most frequent 2/3-AGG alleles are considered.
with no interruption; 59 (29.5%) with a single interruption; 129 (64.5%) with two AGG interruptions; and three (1.5%) with more than two AGG interspersions. Table 3 compares the most frequent and most significant 2-AGG configurations with 1-AGG interspersion patterns (>25 total repeats) within each haplotype. In most cases, the total overall repeat length of the 1-AGG class does not differ dramatically from the total repeat length of alleles with two AGG interruptions. Interestingly, the position of the first AGG interruption is also generally conserved between 2-AGG and 1-AGG classes within the same haplotype (Table 2) . With one exception (Table 3 ; haplotype 7-3-4+; allele 26+9), there appears to be a considerable bias among normal alleles to lose the most distal AGG interruption.
Haplotype analysis among premutations and 'proto-premutation' alleles
In an attempt to reconstruct the phylogenetic progression of normal alleles to the fully expanded state, we examined an additional 30 unrelated premutation and high-end repeat length 'normal' alleles in which intergenerational stability/instability had been ascertained (30) . The FMR1 CGG repeat substructure, the haplotype and the stability for each premutation and evolving premutation are summarized in Table 4 . The majority of haplotypes at high-risk for the fragile X syndrome (Table 1) possess FMR1 CGG repeat alleles which have a single AGG interruption or are completely devoid of AGGs (Table 4 ). Among those alleles in which a single interruption predominates (haplotypes 6-4-5, 6-4-4, 8-3-4+ and 6-4-6+), the position of the most 5′ AGG has been conserved between normal and premutation alleles (Table 2) . Similarly, unstable high-end normal alleles, which likely represent intermediate states between normal stable alleles and premutation alleles, show a similar maintenance of the position of the first AGG interruption (Table 4) .
Although the reduction or complete absence of AGG interruptions is common to most of the fragile X haplotypes, a specific subset of DXS548-FRAXAC1-FRAXAC2 haplotypes (2-1-3, 7-1-3 and 1-1-3) have interspersion patterns in which the position of the second AGG interruption has been maintained (Table 4) . Intergenerational transmission studies of these FMR1 CGG repeat alleles indicate that these 2-AGG configurations can be remarkably stable (Table 4) . One of the largest stable premutation-size alleles identified to date (66 total repeats; Table 4 . AGG interspersion patterns among premutation and 'protopremutation' haplotypes The DXS548-FRAXAC1-FRAXAC2 haplotype is compared with the FMR1 CGG repeat interspersion pattern of 15 premutation (documented progression to full mutation) and 15 protopremutation (evolving premutation) alleles, based on large total repeat length or observation of unstable intergenerational transmissions (30) . Samples are derived from 30 unrelated pedigrees. The study of origin for each allele is indicated in the reference column (10, 18, 30, 31, 33) . Samples are arranged according to haplotype and are grouped relative to the FRAXAC1 marker. The number of documented stable (s) and unstable (u) transmissions in each pedigree is summarized in the column labelled stability. Alleles which have been observed to progress to full mutation are denoted in this column as fm.
interspersion pattern 9+9+46; sample 15,135; Table 4 ), belongs to this conspicuous fragile X haplotype. Although this allele has a pure repeat tract which is much greater than the postulated instability threshold (34-37 CGG repeats) (30) , only stable transmissions have been observed to date within this pedigree over two generations (data not shown). Despite this unusual high degree of stability, alleles carrying 2-AGG interspersions have been observed to progress to full-mutation (samples 80-813 and 16,415; Table 4 ).
Parsimony analysis of fragile X haplotypes
Parsimony analysis was performed using both heuristic, branchand-bound and exhaustive tree searches on aligned normal and premutation CGG repeat sequences ( Table 2 , Materials and Methods). Majority rule (>50%) and strict consensus trees were generated for haplotypes which had at least four different sequences and multiple, equally parsimonious topologies. Based on character-state reconstructions for trees of the shortest length, parsimony predicts that the loss of AGG interruptions has occurred frequently and independently within eight out of the nine fragile X haplotypes which could be examined (data not shown). The phylogenetic relationship of interspersion patterns for four haplotypes is depicted in Figure 2 .
The topology of the tree generated for haplotype 2-1-3 reveals a unique phylogeny of interspersion pattern among fragile X haplotypes (Fig. 2a) . Character-state reconstructions, without defining an ancestral state, show that the position of the second AGG interruption has been a highly conserved and ancient characteristic of this haplotype. The predicted ancestral state is 9+9+9, with exclusion of ambiguous characters. Unlike other fragile X haplotypes, the 2-1-3 haplotype possesses an unusual sub-lineage which is enriched for long uninterrupted repeats and 2-AGG interruptions (compare Figure 2a with 2b,c and d) , indicating that this particular haplotype may be refractory to the loss of AGG interruptions. Within this same sub-lineage, however, the loss of one or both AGG interruptions has been shown to occur in association with instability and the fragile X syndrome (Fig. 2a) .
Since strong non-random associations between haplotype and interspersion pattern likely reveal historical information on founder interspersion configurations, association testing was used to identify the ancestral state (Fig. 2b,c) of two other haplotypes (6-4-5 and 6-4-4) which are found in positive association with the fragile X mutation (Table 1) . Interestingly, the ancestral states defined by association testing were both asymmetrical with respect to the middle tract of CGG repeats Table 4 ) are underlined. Unstable premutation alleles which have progressed to full mutation are further denoted by the symbol ({). The likely progression of predisposed allele to disease state is indicated by a vertical arrow. Although the single most parsimonious trees for 2-1-3, 6-4-4 and 6-4-5 (a, b, c) are presented (homoplasy index = 1.0), a total of 3000 equally parsimonious trees were generated for haplotype 7-3-4+. As a result, the majority-rule consensus (>50%) tree is depicted for haplotype 7-3-4+. The numbers at each node in the consensus tree represent the percentage of trees which exhibited similar topology for that particular branch position.
(9+10+9 and 9+12+9). A single phylogenetic tree was constructed for both the 6-4-5 and 6-4-4 haplotype (tree length = 6 and 7, respectively) after an exhaustive search. In contrast to haplotype 2-1-3, parsimony predicts the frequent or 'ancient' loss of AGG interruptions on these two chromosomal backgrounds. This has resulted in the formation of a large sub-tree of FMR1 CGG repeat lineages which are prone to instability and hyperexpansion (Fig. 2b,c) . The loss of AGG interruptions in these two haplotypes is predicted to have occurred among normal-sized alleles (30-35 total repeats) without a dramatic change in the overall length of the repeat.
Due to the prevalence of the 7-3-4+ haplotype within this population, we also investigated the phylogenetic origins of unstable and premutation alleles within this genetic background. A majority rule (50%) consensus tree is presented for 3000 (MAXTREES limit) equally parsimonious trees (length = 7) generated by a heuristic tree search (14.4 × 10 6 rearrangements), using the 10+9+9 configuration as the likely ancestral state (Fig.  2d) . Character-state reconstructions predict that the loss of the most 3′ interruption has occurred by two different routes within this haplotype. Similar to 6-4-4 and 6-4-5, one subtree within 7-3-4+ indicates that the loss has occurred in a manner which preserves the overall length of the repeat (10+18 and 10+21). A closely related branch (10+63) is associated with the fragile X syndrome (Fig. 2d) . Another pathway for the loss of the distal AGG interruption, which accounts for several different interspersion patterns within this haplotype, is the loss of an entire +9 array generating the 10+9 and related lineages (Fig. 2d) . Character state reconstructions, furthermore, predict that the most proximal AGG interruption has also been subject to loss, with configurations completely devoid of interruptions occurring among normal and premutation chromosomes (Fig. 2d) .
DISCUSSION
Founder effects?
Several groups have reported a significant founder effect phenomenon for the fragile X syndrome (3-15) with the mutation being enriched from two-to five-fold on specific DXS548, FRAXAC1 and FRAXAC2 haplotypes. Dependent upon the genetic homogeneity of the population under study (9, 11, 12) , 50% of all fragile X chromosomes on average, share a few common genetic backgrounds (9, 11, 12) . The remaining fragile X chromosomes either exist at equilibrium with common haplotypes in the population (10) or occur on rare haplotypic variants (10,28). These observations have prompted speculation that recurrent mutational events may occasionally occur on genetic backgrounds not at risk for the development of the disease, resulting in the formation of de novo fragile X lineages (10). Furthermore, based on multistep progression models for the progression of predisposed alleles to the disease state (25) (26) (27) , it has been predicted that among haplotypes in which clear linkage disequilibrium was demonstrated, one might expect an enrichment of alleles with large repeats among normal chromosomes of that haplotype. Surprisingly, only one of the three major fragile X haplotypes (Table 1 ; 2-1-3) demonstrates such an enrichment (Table 2 ). This suggests haplotype-specific influences other than total repeat length are playing a role in predisposing chromosomes to the development of the fragile X syndrome (10, 13, 29) .
Loss of AGG interruptions: the molecular basis for diversity of fragile X haplotypes
In order to test the hypothesis that the loss of AGG interruptions might resolve these two founder effect discrepancies, we compared the AGG interspersion patterns of 200 normal and 30 premutation and high-end repeat alleles within various haplotypes (Table 2) . Unlike previous investigations (32), we have found a significant (P <0.002) non-random distribution between haplotype and FMR1 CGG repeat interspersion patterns. Furthermore, the use of all three markers was found to be more informative than any single haplotype marker. Phylogenetic reconstruction of CGG repeat mutational events within haplotype lineages, using association testing and parsimony analysis, predicts that the loss of the most 3′ AGG interruption has occurred frequently and independently on many normal and at-risk fragile X haplotypes (Fig. 2b,c,d, as examples) . Parsimony analysis indicates that alleles in the normal population which have been subjected to the loss of AGG interruption belong to the same clades as alleles which are predisposed to instability and hyperexpansion (Fig. 2) . Our data suggest that the loss of AGG interruptions likely accounts for the occurrence of the fragile X mutation among haplotypes found in equilibrium within the normal population (Table 1 and Fig. 2c ). The frequent loss of AGG interruptions, thus, may account for the considerable haplotype diversity of the fragile X mutation.
Parsimony analysis and intra-haplotype comparisons of 1-AGG and 2-AGG class of alleles (Table 3 and Fig. 2b,c,d ) confirms that there has been a preferential bias to lose the most 3′ AGG interruption (Eichler, in press ). This appears to have occurred by a mechanism which tends to preserve the overall length of the repeat (Table 3) . Previously it was suggested that the loss of AGG interruptions may be mediated by one of several different mutational processes such as unequal-sister chromatid exchange, AGG deletion or AGG to CGG transversion (29) (30) (31) (32) . Since the loss of AGG interruptions by non-reciprocal recombination events would be expected to alter the total number of CGG repeats (35) , it is unlikely that this is the predominant mechanism. Our data would best support the deletion or conversion of an AGG to a CGG, resulting, perhaps, from deficiencies in mis-match repair processes (36, 37) . It should be noted, however, that not all 1-AGG and 2-AGG intra-haplotype comparisons show a conservation of total repeat length in the human population (6-4-6+ and 8-3-4+; Table 3 ). Indeed, parsimony analysis reveals that the loss of AGG interruptions may occur by the occasional deletion of an entire AGG(CGG) 9 array (Fig. 2c) . Such an event could likely be mediated by non-reciprocal recombination processes.
Founder haplotypes 6-4-5 and 6-4-4: the recurrent loss of AGG interruptions
Although the loss of AGG interruptions occurs frequently from a phylogenetic perspective, such losses could not occur with equal frequency among all haplotypes without completely obscuring founder effect phenomena. Differential propensities for the loss of AGG interruptions, then, must exist in order to account for observed haplotype linkage disequilibrium with the mutation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Two haplotypes in this study (6-4-4 and 6-4-5) appear particularly prone to the loss of AGG interruptions. Parsimony analysis indicates that a substantial proportion of unstable and premutation alleles have likely progressed from a single AGG interruption ancestral state (Fig. 2b,c) , with the position of the 5′ AGG interruption being remarkably conserved (Table 2) . Not surprisingly, DXS548, FRAXAC1 and FRAXAC2 haplotypes equivalent to 6-4-5 and 6-4-4 have been shown to be enriched for fragile X chromosomes in virtually all human populations studied to date. These haplotypes generally account for 15-40% of all fragile X chromosomes among Japanese, American, Australian, Finnish, English and French populations (3,4,6,7,10,12,13) . The strong association with the loss of AGG interruptions within these two haplotypes may reflect either an 'ancient' or recurrent event; two possibilities which parsimony analysis can not distinguish. The conspicuous absence of high-end normal FMR1 CGG repeat alleles among these haplotypes (10, 13, 24, 29) , however, strongly argues against the former hypothesis, suggesting that alleles progress relatively rapidly through instability and hyperexpansion thresholds without the accumulation of large intermediate (S) alleles (25) . Another argument favoring the recurrent loss of the 3′ AGG interruption is the finding of global linkage disequilibrium among these haplotypes with the fragile X mutation. Conservative estimates based on multistep progression models of total repeat length (25) calculate that the longevity of predisposed (S) alleles in the population is approximately 90 generations or 2000 years (15) . The Japanese and caucasian populations likely diverged from a common Homo sapiens stock, 150 000 to 200 000 years ago (38) (39) (40) (41) . The most prosaic explanation, then, for linkage disequilibrium for the same haplotypes within these two populations would be a recurrent mutational event (such as the loss of an AGG interruption), rather than a common ancestral mutation.
Due to the absence of normal alleles with large total repeat lengths (>40 repeats) among the 6-4-5 and 6-4-4 haplotypes, it was originally speculated that a recurrent mutational event might allow alleles on these haplotypes to 'leap-frog' toward instability and hyperexpansion thresholds associated with disease (10). Our analysis indicates that the loss of AGG interruptions could clearly provide the molecular basis for this 'leap-frog' mutational event.
Occurring by a mechanism which tends to maintain the overall length of the repeat, the loss of AGG interruptions would generate alleles which 'leap-frog' in cognito by 10 and 12 repeat units toward their instability (35 pure repeats) and hyperexpansion thresholds (70 pure repeats) in a single generation (30) . The longevity of such alleles due to increased pure repeat length would be dramatically reduced, obviating the accumulation of high-end normal repeat length intermediate alleles. The propensity for these chromosomes to frequently incur such mutations would confirm previous suggestions of haplotype-specific influences for these fragile X genetic backgrounds (29) .
Although it is difficult at this point to identify the nature of these haplotype-specific influences, our analysis suggests that symmetry of repeat configurations may play a role in predisposing alleles to the loss of AGG interruptions. In both 6-4-5 and 6-4-4 haplotypes, significant associations were observed for configurations in which symmetry has been disrupted for the middle tract of the FMR1 CGG repeat (9+10+9 and 9+12+9; Table 2 ). Common symmetrical arrays such as 9+9+9 are conspicuously absent among these haplotypes. Parsimony analysis and association testing indicate that 9+12+9 and 9+10+9 have likely been the original precursors to unstable and premutation alleles within haplotypes 6-4-5 and 6-4-4; respectively (Table 3 ; Fig. 2b,c) . Conversely among haplotypes,1-1-3 and 7-4-6+, in which there is a strong association for symmetrical arrays (9+9+9), fragile X chromosomes have rarely been observed or are found in equilibrium within the normal population (Table 1) . Interestingly, one allele with a large tract of pure repeats (9+26; Table 2 ) has been observed in haplotype 7-4-6+. Although far too few alleles exist in this haplotype to reconstruct an unambiguous phylogeny by parsimony, due to the similar conservation of repeat size, the 9+26 may have originated from the asymmetrical allele, 9+9+5+9, by the consecutive loss of 2-AGG interruptions (9+9+5+9 to 9+15+9 to 9+26 see Table 2 ; 7-4-6+ and 6-4-6+ haplotypes). Recent repeat length (13, 28) and interspersion analysis surveys of Asian populations show a preponderance of 9+9+5+9 (35 total repeat) interspersion configurations on DXS548-FRAXAC1 haplotype (7-4) and FRAXAC1-FRAX-AC2 haplotype (4-6+) (Composite 7-4-6+) (13, 28) . Among the Japanese, at least, 15% of all fragile X cases occur on the 4-6+ haplotype, suggesting that once again a correlation exists between asymmetrical array patterns, loss of AGG interruptions and progression to disease. An alternative explanation for the correlation between asymmetric interspersion configurations and the loss of AGG interruptions may however be that asymmetry is simply a consequence rather than a cause of increased instability on these particular haplotypes. If this were true, other cis-acting factors closely linked to the CGG repeat would have to be invoked to explain the propensity for haplotype 6-4-5 and 6-4-4 to lose AGG interruptions.
Founder haplotype 2-1-3: maintenance of two AGG interruptions
In many respects, the fragile X founder haplotype 2-1-3 (Table  1) represents the antithesis of 6-4-5 and 6-4-4. Computer simulation testing for non-random distributions of alleles within this haplotype reveals no significant association between haplotype and interspersion patterns, despite the fact that the majority of AGG configurations are unique. This lack of association is likely a reflection of the extreme FMR1 CGG repeat sequence heterogeneity of alleles within this haplotype ( Table 2) . As has been suggested earlier for the FRAXAC1 haplotype 1 (29), the positions of both AGG interruptions appear to have been highly conserved with most changes in repeat length occurring distal to the second 3′ AGG interruption. Character state reconstructions of the 2-1-3 phylogenetic tree confirms that the 9+9+n interspersion pattern represents the ancestral configuration of this haplotype (Fig. 2a) . Parsimony analysis further suggests that 2-1-3 is the only haplotype in which FMR1 CGG repeat alleles have progressed toward instability and disease with the 2-AGG configuration. Although the loss of one or both AGG interruptions has occurred in association with instability in this haplotype, it should be noted that unique 2-AGG containing premutations have been observed among haplotypes closely allied to 2-1-3 (Table 4 ; haplotype 7-1-3 and 6-1-3). In toto, these observations suggest that the 2-1-3 haplotype has been particularly refractory to the loss of the most 3′ AGG interruption.
The constraint of the 2-1-3 haplotype to maintain two AGG interruptions defines a second mutational pathway for the origin of the fragile X syndrome (Fig. 3) . Unlike other founder haplotypes, the 2-1-3 haplotype initially has not jumped in increments of 10 CGG repeat increments toward instability and hyperexpansion thresholds by the loss of an AGG interruption. Most changes in repeat length have occurred distal to the last AGG interruption, likely in small increments of one or two repeat Figure 3 . Origins of the fragile X mutation. Based on intrahaplotype comparisons of interspersion pattern, association testing and parsimony analysis, a model is presented depicting the possible origin of the fragile X mutation across a variety of chromosomal haplotypes. Haplotypes shown within squares are distinguished as being positively, negatively or showing no association with the fragile X mutation (10) (see Table 1 ). Encircled are fragile X haplotypes that have not yet been observed among unaffected chromosomes. Due to the considerable phylogenetic probability of recombination between the most proximal DXS548 marker (Fig. 1) , these haplotypes are depicted overlapping closely-allied FRAXAC1-FRAXAC2 haplotypes. The vertical arrows indicate the likely mutational origin and progression to the diseased state as predicted by parsimony analysis. Due to the absence of normal chromosomes with FRAXAC1 haplotype marker 2, the origin of fragile X haplotypes (7-2-4 and 7-2-4+) could not be deduced. units, by a mechanism similar to replication slippage (42) . As a result, a continuum of repeat lengths has been generated ( Table  2 ). Due to the persistence of 2-AGG interruptions, longer total repeat lengths are attained before uninterrupted pure CGG repeat instability and hyperexpansion thresholds can be reached (30) . This pathway accommodates the postulated multistep progression of alleles toward disease (25, 26) and explains why the 2-1-3 founder chromosome is the only haplotype which shows an enrichment for high-end normal FMR1 CGG repeat alleles (3) (4) (5) .
Previous surveys of interspersion pattern and DXS548 and FRAXAC1 haplotypes among normal control populations found an unusually high proportion (60%) of long uninterrupted pure CGG repeat tracts (>21 CGG repeats) associated with haplotypes equivalent to 2-1-3 (29, 31) . Virtually every possible 9+9+n configuration ranging from 9+9+15 to 9+9+35 has been observed among normal 2-1-3 chromosomes (Table 2) (29, 31) . It is surprising that such a continuum has not been observed for haplotypes 6-4-4 and 6-4-5. Based on intergenerational transmission studies, we originally proposed an instability threshold of 34-37 pure CGG repeats (30) . Interestingly, all alleles demonstrating unstable transmission in 'normal' human pedigrees were either devoid of AGG interruptions or constrained to a single AGG interruption, belonging primarily to haplotypes 6-4-4, 6-4-5 and 7-3-4+ (Table 4) . No unstable transmissions among 2-1-3 haplotypes with two AGG interruptions have been observed. These findings suggest the number of AGG interruptions within the repeat may influence the instability threshold, such that 9+21 and 9+9+21 progress at different tempos toward their respective instability thresholds. Although the vast majority of alleles exhibit instability in human pedigrees when the length of the longest tract of repeats exceeds 37 pure repeats, 2-AGG allele configurations among haplotype 2-1-3 may be exceptional in this regard.
We have recently documented the stable transmission of one of the largest premutation-sized alleles, 9+9+46 (66 total triplet repeats; Sample 15,135, Table 4 ). Although the longest tract of pure repeats (46 CGG triplets) was well beyond the instability threshold, only stable transmissions were observed over two meioses within this pedigree. It will be interesting to determine whether other large and stable 'premutation-sized' alleles also belong to the 2-1-3 haplotype, possessing 2-AGG allele configurations (43) . It has recently been demonstrated that contiguous CGG repeats may be capable of forming several unusual DNA structures including tetraplex, triad-DNA, unimolecular foldback and hairpin conformations (44) (45) (46) (47) . Such conformations may be important in mediating replication slippage. Furthermore, it has been postulated that AGG interruptions may confer a stabilizing influence by disrupting such conformations which may be prerequisite for CGG triplet repeat instability (45). One possible explanation, then, for the observation of increased stability on the 2-1-3 haplotype normal chromosomes, may be that 2-AGG FMR1 CGG repeat conformations have a greater stabilizing influence than haplotypes with a single AGG interruption, resulting in different thresholds for instability. Alternatively, the remarkable stability of large alleles of the 2-1-3 haplotype, may be the result of other cis-acting influences.
Origins of the fragile X mutation
Phylogenetic reconstruction of fragile X lineages based on parsimony analysis, association testing and intrahaplotype com-parisons of interspersion patterns among normal and premutation alleles, reveals that the origins of the fragile X syndrome are complex. Our analysis predicts that fragile X mutations have arisen by both founder effects and a recurrent mutational event involving the loss of the most 3′ AGG interruption. Among haplotypes which demonstrate linkage disequilibrium with the fragile X mutation (Table 1) , two distinct mutational pathways have been delineated (Figs 2a,b,c, 3) . The DXS548-FRAX-AC1-FRAXAC2 haplotype 2-1-3 ( Fig. 1) appears refractory to the loss of AGG interruptions, progressing relatively slowly toward instability and hyperexpansion thresholds associated with the disease. As a result, the 2-1-3 haplotype is enriched for high-end repeat length alleles, generating a large founder pool of chromosomes which are predisposed to the development of disease (Fig. 3) . In contrast, haplotypes 6-4-5 and 6-4-4, based on parsimony analysis, appear particularly prone to the loss of the most 3′ AGG interruption from asymmetrical 2-AGG interspersion configurations (Fig. 2b,c) . This occurs by a mechanism which tends to preserve the total overall length of the repeat (Fig.  2 and Table 3 ). Due to the observation of unstable transmission in 'normal' human pedigrees on this genetic background and the dearth of large intermediate alleles in random population surveys of these haplotypes, we propose that chromosomes which have lost an AGG interruption at the FRAXA locus progress rapidly toward the disease state (Fig. 3) . The frequent and recurrent loss of AGG interruptions, is thus likely responsible for the observation of linkage disequilibrium with the 6-4-5 and 6-4-4 founder haplotypes (Fig. 3) . Parsimony analysis, in addition, predicts that the loss of AGG interruptions has occurred independently on most DXS548-FRAXAC1-FRAXAC2 haplotypes. The sporadic loss of AGG interruptions and the genesis of de novo fragile X lineages (Figs 2c, 3) can account for the observation of disease among haplotypes found in linkage equilibrium with the mutation and partially explain the considerable haplotype diversity observed with the fragile X syndrome. Although our model of founder effects and recurrent loss of AGG interruptions can adequately explain the origin of 70% of all fragile X chromosomes, further haplotype analysis, interspersion determination, and repeat-length transmission studies will be necessary to confirm our observations and to explain the frequent occurrence of fragile X syndrome on haplotypes rare in the normal population.
MATERIALS AND METHODS
DNA samples
DNA samples from the normal control population, consisting of 200 unrelated non-fragile X male subjects, were collected from blood donors living in Wessex, Southern England as previously described (10) . The remaining 30 premutation and large repeatlength normal alleles were derived from unrelated fragile X pedigrees or from families in which the intergenerational stability of the FMR1 CGG repeat had been documented (10, 18, 30, 31, 33) . Six of the 15 premutation alleles were ascertained from the same population as the control samples (Wessex, England). The remaining premutation and unstable 'normal' FMR1 CGG repeat alleles were collected from North American populations of caucasian ethnic origin (Table 3) .
AGG interspersion analysis
PCR amplification of the FMR1 CGG repeat was performed using a previously developed protocol which replaces exo(-) Pfu polymerase (Stratagene) with Taq DNA polymerase (48) . In order to reconstruct the AGG substructure of the FMR1 CGG repeat, PCR products were digested with Mnl I restriction enzyme (New England Biolabs), electrophoresed, transferred to nylon membrane (GeneScreen plus), and probed with a γ 32 P endlabelled (CGG) 10 oligonucleotide as previously described (30) . Based on the size of the FMR1 PCR product, the pattern of Mnl I digestion and the sizes of Mnl I fragments which hybridized to the CGG repeat oligonucleotide, the AGG interspersion configuration for each FMR1 CGG repeat allele was deduced. FMR1 CGG interspersion nomenclature is summarized in Figure 1 . In our convention, a '+' sign designates the position of an AGG interruption and the number refers to the length of uninterrupted repeats.
Haplotype determination
Three polymorphic microsatellite markers, DXS548, FRAXAC1 and FRAXAC2, which span 150 kb of the FMR1 CGG repeat locus were used to reconstruct the chromosomal haplotype of each normal, premutation and fragile X allele ( Fig. 1 and Table  1 ). The genotypes for DXS548, FRAXAC1 and FRAXAC2 were determined using previously described PCR conditions and primers (4, 6, 10) . For each polymorphic marker, alleles were designated using numbers in descending order of repeat length (Fig. 1) . Due to the complex nature of the FRAXAC2 marker, which consists of two dinucleotide polymorphic repeat tracts and a polymorphic poly T tract (34) care was taken to distinguish between FRAXAC2 alleles which differ by a single bp. These are indicated in this study by a '+' sign. For example, a FRAXAC2 genotype '4+' is intermediate in size between genotype 3 and 4 differing by a single bp (Fig. 1) . Composite haplotypes using all three markers are considered in this analysis and are configured based on the order of each marker (Fig. 1) .
Association testing
A total of 28 composite haplotypes (DXS548-FRAX-AC1-FRAXAC2) were compared against 52 different AGG interspersion patterns ( Table 2 ). The randomness of distribution between rows (AGG configuration) and columns (haplotypes) was tested using the association program ASSOC (AC, unpublished). Briefly, 5000 tables (replicates) were generated by computer simulation using row and column totals and assuming a random distribution between haplotype and interspersion pattern for Table 2 . A χ 2 value was then calculated comparing these randomly-generated tables to the observed table (Table 2 ). Significant departures of randomness (P <0.002) for each cell entry (intersection between haplotype and interspersion pattern) were determined by analysing the individual ranges of distribution for each cell entry. The most significant association between haplotype and interspersion pattern (P <0.02) are summarized in Table 1 . In order to test the usefulness of the composite haplotype against each haplotype marker independently, three compressions of Table 2 were also generated (one for each marker) and non-random distributions were tested as described above (see Results).
Parsimony analysis
PAUP (phylogenetic analysis using parsimony) version 3.1.1 (Illinois Natural History Survey) was employed to derive phylogenetic relationships among various AGG interspersion FMR1 CGG repeat patterns within each haplotype. Only those haplotypes which exhibited four or more different interspersion patterns were analysed due to software requirements for at least four distinct taxa. Deduced FMR1 CGG repeat sequences were encoded (Let C = CGG and A = AGG) to eliminate the possibility of gap formation within a trinucleotide repeat unit. Alignment of encoded data was performed using the ClustalW software package (default setting: gap penalty = 15.0 and gap extension penalty = 1.0). Reduction of gap penalty assignments below default setting parameters resulted in the generation of sequence alignments which were inconsistent with characteristic intrahaplotype AGG interspersion patterns. Phylogenetic trees were generated from aligned sequences using heuristic and exhaustive tree searches (Fig. 2) . In cases where multiple, equally parsimonious trees were generated, a consensus tree was constructed using majority-rule (>50%) methods (Fig. 2d) . Ancestral states were defined using the ANCSTATES command under the assumptions block of PAUP (49) and were chosen using the most significantly associated interspersion configuration (P <0.002) within each haplotype. When no significant association could be found (haplotype 2-1-3), the likely ancestral state was deduced using the character-state reconstruction option (Fig. 2a) . When ambiguous character states were obtained (i.e. either the presence or absence of a CGG trinucleotide were equally parsiminious), ancestral states were reconstructed excluding these character assignments. In such situations, the shortest, most parsimonious ancestral state was considered.
